[1] This paper describes a new parameterization to represent surface and groundwater interaction dynamics for land surface models. With the new parameterization, effects of surface and groundwater interactions on soil moisture, evapotranspiration, runoff, and recharge can be dynamically taken into account. The new parameterization is implemented into the three-layer variable infiltration capacity (VIC-3L) model, which is a hydrologically based land surface scheme. The new version of VIC (called VIC-ground) is applied to two watersheds in Pennsylvania over multiple years. Results show that VIC-ground can properly simulate the movement of the daily groundwater table over multiple years at the study sites. Preliminary comparisons of VIC simulations with and without consideration of the dynamics of surface and groundwater interactions show an important impact of such interactions on the partitioning of water budget components. In particular, soil moisture of the lower layer from the VIC-ground simulations is generally wetter than that from VIC-3L. For the top thin soil layer and the upper layer of VIC-3L, soil moisture is generally drier in VIC-ground than that in VIC-3L. Such characteristics of VIC-ground result in lower surface runoff peaks and higher base flow, as well as generally less evapotranspiration compared to VIC-3L at the two study sites. Results at both sites show that it takes 3-4 years to have the effects of the initializations of groundwater tables disappear when the groundwater table is initialized to be deeper than the observed level, while it takes much less time (e.g., about 1.5 years) if the groundwater table is initialized to be shallower than the observed level. In addition, the preliminary sensitivity studies at both sites show that there is a more significant persistent signature of the impact of the precipitation when its amount is halved (i.e., 0.5 ppt) than that when its amount is doubled (i.e., 2 ppt). 
Introduction
[2] Surface and groundwater interaction is an important aspect in land-atmosphere interaction studies. A shallower water table is more likely to result in saturation excess runoff, to yield evaporation at the atmosphere-demanded rate, and to produce a net discharge of groundwater. On the other hand, deeper water tables generally indicate drier areas where evaporation is limited by the available soil moisture. In this situation, surface runoff is likely to be generated by the infiltration excess runoff mechanism, and the groundwater is recharged when the infiltration is enhanced. Under both conditions of the water tables, soil moisture is modified through the groundwater and surface water interactions. A number of studies have shown that soil moisture plays an important role in the global energy and water balances in the land-atmosphere system [e.g., Suarez, 1996, 1999; Entekhabi et al., 1999; Dirmeyer, 2000; Dirmeyer et al., 2000; Koster et al., 2000a; Koster and Suarez, 2001; Pal and Eltahir, 2001] . Knowledge of the state of soil moisture is essential for improving climate predictability from seasonal to interannual timescales. For example, Entekhabi et al. [1999] showed the impact of soil moisture on numerical forecasting of extreme events, and the evi-dence that precipitation extremes over the United States are more strongly affected by soil moisture than by sea surface temperature. Dirmeyer [2000] showed that the inclusion of reasonable soil moisture could significantly improve the simulation of precipitation and surface temperature globally and regionally. However, the current generation of land surface models show a large spread in soil moisture estimations [Liang et al., 1998; Lohmann et al., 1998; Wood et al., 1998; Dirmeyer et al., 1999] . In addition to the impact showed by numerical simulations, field observations have also shown that the interactions between surface water and groundwater could alter hydrological consequences, such as runoff production [e.g., Waddington et al., 1993] , water table fluctuations, and surface hydrology [e.g., Verry and Boelter, 1978; Taylor and Pierson, 1985; Whiteley and Irwin, 1986; Devito and Dillon, 1993; Devito et al., 1996; Katz et al., 1997] .
[3] Salvucci and Entekhabi [1995] presented a statistical approach to estimate the groundwater table under a steady state equilibrium condition at the hillslope scale, where the groundwater table is estimated by coupling saturated and unsaturated flows throughout rectangular hillslope domains. Their study showed the importance of interactions between groundwater and surface water (at the steady state equilibrium condition) to long-term evaporation, surface runoff generation, and groundwater recharge at the hillslope scale. Levine and Salvucci [1999] used a modified version of MODFLOW to study the interactions between saturated and unsaturated zones under equilibrium conditions for a Canadian catchment of 16 km 2 with prairie cover. The groundwater table was estimated through a look-up table type of iteration approach. Their study showed that the position of groundwater table would impact the partitioning of rainfall, and that the uncoupled vadose zone models (e.g., SVAT models) would over-predict recharge at the expense of evaporation when the groundwater table is deep.
[4] The concept and hydrologic characteristics of the TOP model, which considers the effects of topography and groundwater table on water and energy budgets, have been implemented in some land surface models [e.g., Famiglietti and Wood, 1994; Peters-Lidard et al., 1997; Ducharne et al., 2000; Koster et al., 2000b; Chen and Kumar, 2001] . However, the inclusion of groundwater table is again under a steady state assumption. Walko et al. [2000] implemented a modified form of the TOP model into the Land Ecosystem-Atmosphere Feedback (LEAF-2) model. Recognizing the limitation of the steady state assumption, Walko et al. [2000] modified the steady state expression of the local height of water table in the original TOP model by introducing a characteristic timescale used as a decay constant of base flow. Sensitivity analyses of LEAF-2 coupled with the Regional Atmospheric Modeling System (RAMS) for hypothetical experiments (grid size of 20 km for a 200 km wide island with different configurations of the number and type of vegetation) showed that significant differences could be found in the daily averaged sensible and latent heat fluxes as well as surface temperature when the TOP model groundwater component is implemented in LEAF-2. Also, significant differences were found in the soil moisture distribution within the soil depth for the two simulations with and without the TOP model groundwater component. Again, the study by Walko et al. [2000] suggested that the runoff process and groundwater table could have significant effects on water and energy budgets in the land-atmosphere coupling system. However, the validity of their modifications to the steady state assumption was not examined or compared with the observations of groundwater. Also, their study was for a short period of time.
[5] As reviewed briefly above, soil moisture is not yet well simulated in the current generation of land surface models. Field measurement of soil moisture with large spatial coverage is not practical. Although remote sensing techniques provide a very useful alternative for estimating soil moisture with good spatial coverage, they are only partially effective at present because of their shallow penetration into the ground and other issues as well. Therefore it is crucial to simulate soil moisture through a combination of remote sensing data assimilation with a land surface model, which must be improved to include critical physical processes that affect soil moisture simulations. In this paper, a new parameterization considering the surface and groundwater interactions within a land surface model is presented. The new dynamic representation of the surface and groundwater interactions, where the groundwater table is explicitly computed, is described in section 2. The new parameterization is evaluated at two different watersheds in section 3. Impacts of the surface and groundwater interactions on soil moisture and water budgets are discussed in section 4. Preliminary conclusions are summarized in section 5. A brief discussion for future work is also included in section 5.
Dynamic Representation of Surface and Groundwater Interactions
[6] In this section, a new framework of representing the surface and groundwater interactions dynamically is presented. The framework includes parameterization, numerical algorithms, and implementation into a land surface model.
Parameterization of Groundwater Table Dynamics
[7] Liang and Xie [2003] described basic concepts and equations used to estimate the positions of groundwater table and soil moisture, and their relationships with other components of water budgets. To have this paper selfcontained, relevant basic concepts and main formulations for the groundwater table are briefly summarized in section 2.1 here. From the one-dimensional Richards equation applied to unsaturated zone, we have
where q is the volumetric soil
is a sink term, and z represents the vertical direction and is assumed positive downward. Let us use q(z, t) to represent the flux as follows,
In this study, K(q) and D(q) are estimated on the basis of the Clapp and Hornberger [1978] empirical relationships as
where K s is the saturated hydraulic conductivity, ψ s is the air-entry tension head (or bubbling pressure) [Dingman, 2002] , q s is the soil porosity, and b is a parameter. The upper boundary condition (i.e., at the surface when z = 0) can be expressed as
where q o (t) is the flux across the surface (i.e., z = 0), P is the precipitation rate, R is the total surface runoff rate (i.e., infiltration excess and saturation excess runoff), E 0 is the bare soil evaporation. We assume that the lower boundary condition (i.e., q(z, t) = 0, where z = L) is a no flux condition, where L represents the depth from ground surface to bedrock. Let a(t) be the groundwater table depth, which represents the distance from ground surface to the water table (also called moving boundary here). For the saturated zone, we have
The groundwater table (i.e., the moving boundary) separates a saturation region from an unsaturated zone. Although such a situation may not always occur in reality, Bear [1972] shows that such an assumption is a good approximation. In this study, the moving boundary (i.e., the groundwater table) is expressed by
where Q b2 is subsurface flow rate from the saturated zone, E 2 is transpiration rate from the saturated zone, and n e (t) is effective porosity of the porous media, which is a function of time. Here the effective porosity is defined as the absolute difference of soil moisture content in the soil column constricted by the water tables between two time steps. The initial conditions, respectively, for the unsaturated and saturated zones are
The soil moisture profile q(z, t) and groundwater table a(t) are to be determined by applying equations (1) and (4) with conditions (3), (5), (6), and (7). If the position of the groundwater table a(t) is determined, then the soil moisture profile q(z, t) within the unsaturated zone can be determined by using the mass-lumped finite element method [Xie et al., 1999] which allows for an upward flux of moisture from the groundwater table to the root zone in case the groundwater table lies below the root zone. In our approach, a(t) is to be determined dynamically for unsteady state conditions. Let
Integrating equation (1) over soil depth (0, a(t)) with equations (3) and (5), and considering the subsurface flow rate from the unsaturated zone (Q b1 ), and the transpiration from a specified root region within the unsaturated zone, it yields
where E t is the total combined evaporation rate which includes the bare soil evaporation E 0 , and the transpiration from the root region in both unsaturated and saturated zones (E 1 and E 2 ), and
A schematic representation of each of the fluxes in the 1-D soil column is shown in Figure 1 . Integrating equation (9) over time (t, t + Át), we have where q s þ n e t ð Þ is the average of q s + n e (t) over the time period of [t, t + Át]. The soil moisture profile q(z, t + Át) within the unsaturated zone and the position of groundwater table a(t + Át) at time t + Át are computed by applying a finite element method in space and a finite difference method in time.
2.2. Numerical Algorithm for Unsaturated Flow With Dynamic Groundwater Table  [ 8] The parameterization of groundwater table dynamics presented in section 2.1 is solved numerically by applying a finite element method in space and a finite difference method in time through two steps. In the first step, the problem with a fixed groundwater table is to be solved numerically. In the second step, the problem with a dynamic groundwater table is to be solved. 2.2.1. Numerical Procedure for Fixed Groundwater Table  [ 9] In the first step, we assume the depth of the groundwater table has a constant fixed value b (i.e., a(t) = const = b). To homogenize the boundary condition q(z, t)j z=b = q s (i.e., at z = a(t) = b), we set q z; t ð Þ ¼q z; t ð Þ þ q s . Let the Hilbert space H 1 () consist of functions that are square integrable on up to their first derivatives, and
Here represents the domain of real numbers. Thus, for the domain z 2 [0, b], the governing equation (i.e., equation (1)), the boundary and initial conditions become
where t l represents the time domain of specified study period. Thus the problem of solving for q(z, t) becomes that of solving forq z; t ð Þ 2 H 1 E ð Þ; 8t 2 0; t l ð Þ with a finite element method in space and a finite difference method in time. A detailed description of the finite element scheme used in this study is given in Appendix A.
[10] To solve for q(z, t) from equation (A5) in Appendix A, which is a finite element representation of (12), the coefficients of hydraulic conductivity K and diffusivity D, and the coefficient matrices [A], [B] , and {F} in equation (A3), and [P] and [Q] in equation (A6) need to be estimated first. However, these coefficients are functions of q(z, t). Thus an iteration procedure is needed. First, these coefficients are estimated at the half-time level (i.e., t + Át/2). Then q(z, t) at each new time step t + Át is pre-estimated through a linear extrapolation from the old distribution as follows:
where q t represents q(z, t) estimated at time step t, and Át n and Át o represent two different time increments used to estimate q(z, t) at time t + Át. The magnitude of q(z, t) at the half-time level is estimated by
Iteration procedure is used to obtain q(z, t) when it reaches convergence. That is,
where q n t+Át represents q(z, t) at time t + Át after n iterations from the first value q o t+Át at the beginning of the iteration, and m 1 and m 2 are the selected criteria for absolute and relative errors, respectively. To compute q(z, t) at a new time step, repeat the steps described above. It is worth mentioning that the mass-lumped finite element method is used in the computation to avoid obtaining an oscillatory moisture profile. Table  [ 11] Equations (12), (13), (14), and (15) and Appendix A describe how to estimate q(z, t) numerically when the groundwater table is assumed to be a constant (i.e., a(t) = const = b) over time. Now we describe how to dynamically compute the groundwater table, which varies over time. That is, the position of the groundwater table, a(t), is a function of time t, and 0 a(t) L.
Numerical Procedure for Dynamic Groundwater
[12] Assume at time t, the groundwater table is at a(t), and the soil moisture is q(z, t). To compute a(t + Át) and q(z, t + Át), we first compute a pre-q(z, t + Át) by assuming that the groundwater table is at a(t). Then we compute a(t + Át) by applying equation (11) based on the pre-q(z, t + Át). Finally, we obtain q(z, t + Át) based on the estimated a(t + Át). The numerical steps of computing the a(t) and q(z, t) can be briefly summarized as follows: (1 (A3) and (A6), respectively, at q(z, t + Át/2). (4) Compute q(z, t + Át) from equation (A5). Iterate on q(z, t + Át) until it convergences. (5) Compute a(t + Át) on the basis of q(z, t + Át) and a(t) using equation (11). (6) Repeat steps 2 -5 until a(t + Át) convergences. (7) Repeat steps 2 -6 for the next time step.
[13] It is worth mentioning that two types of numerical iterations are involved from steps 1-7. One is related to the shape of the soil moisture profile and the other is related to the location of groundwater table. In our applications by far, two to three iterations are typically needed to reach the convergence for the shape of the soil moisture profile (i.e., step 4 above) and the convergence for the location of the groundwater table (i.e., step 6 above) as well.
Implementation of the Surface and Groundwater Interactions Into the Three-Layer Variable Infiltration Capacity (VIC-3L) Model
[14] The three-layer variable infiltration capacity (VIC-3L) model [Liang et al., 1994 [Liang et al., , 1996a [Liang et al., , 1996b [Liang et al., , 1999 Cherkauer and Lettenmaier, 1999; Liang and Xie, 2001 ] is a hydrologically based land surface scheme that can be operated in both full energy and water balance modes. VIC-3L incorporates the representation of subgrid spatial variability of precipitation with the representation of spatial variability of infiltration to simulate energy and water budgets (e.g., energy fluxes, runoff and soil moisture) with an explicit representation of multiple land cover types (i.e., different vegetation cover and bare soil). It also includes two different timescales for runoff (fast runoff and slow runoff) to capture the dynamics of runoff generation. The fast component of runoff is represented by direct runoff which includes both saturation and infiltration excess runoff, and the slow component is represented nonlinearly by the ARNO subsurface/base flow runoff [Francini and Pacciani, 1991] . The upper soil layer of the model is designed to represent the dynamic response of the soil to rainfall events, and the lower layer is used to characterize the seasonal soil moisture behavior through the slower dynamics of inter-storm deep soil moisture and subsurface/base flow processes. There is no distinction between unsaturated and saturated zones in the lower layer. In other words, the unsaturated and saturated zones are treated in a lumped sense. The VIC-3L model has a thin topsoil layer, which allows for quick bare soil evaporation following small summer rainfall events. VIC-3L includes soil moisture diffusion processes between the three soil layers. Cherkauer and Lettenmaier [1999] added frozen soil processes for cold climate conditions to VIC-3L. Liang and Xie [2001] developed a new parameterization to represent the infiltration excess runoff mechanism in VIC-3L and combined it effectively with the original representation of the saturation excess runoff mechanism [e.g., Liang et al., 1994] , where effects of subgrid spatial variabilities of soil properties and precipitation on both infiltration and saturation excess runoff are accounted for. The implementation of the new parameterization of surface and groundwater interactions into the VIC-3L model is briefly summarized below.
[15] By coupling the new parameterization of surface and groundwater interactions into the VIC-3L model (called VIC-ground hereinafter), the soil moisture within each of the three soil layers of VIC-3L is modified. In this study, the soil column in VIC-ground is divided into 100 nodes which consist of ninety-nine layers. To distinguish them from the three layers in VIC-3L, the ninety-nine layers are called sub-layers hereinafter. Thus each of the three VIC-3L soil layers includes a number of sub-layers of VIC-ground. The soil moisture of each of the sub-layers in VIC-ground is initialized through iterations so that it has a soil moisture profile that is consistent with the assumed initial groundwater level.
[16] At present, the evapotranspiration and subsurface runoff in VIC-ground are calculated on the basis of the soil layer configuration of the original VIC-3L model at each time step. However, these fluxes are calculated on the basis of the VIC-3L soil moisture values that are updated by the soil moisture values of the ninety-nine sub-layers associated with VIC-ground at each time step. In other words, the soil moisture of each of the VIC-ground layers and the groundwater table are computed on the basis of the equations and numerical methods described in sections 2.1 and 2.2. The soil moisture values of the VIC-ground sub-layers are then averaged to provide the soil moisture estimations for each of the three soil layers in the VIC-3L model configuration, which are then used to compute the fluxes (e.g., evapotranspiration, surface runoff, subsurface runoff, etc.) for the next time step. In the future, we will modify VIC-ground so that these fluxes can be computed on the basis of the soil moisture distribution of VIC-ground with which the impact of root zone distribution and the subsurface flow (contributed by both groundwater as base flow and by the macropore-flow/pipe-flow due to soil heterogeneity) can be taken into account more explicitly. At present, the interaction with frozen ground is also not considered yet.
Sites and Experiment Description
[17] The water balance mode of VIC-ground which considers the interactions between surface and groundwater is applied to two sites in Pennsylvania where the problem of frozen soil is not serious in winter. The water balance mode implies that only the water budget in the modeling domain is considered, the components related to energy budget (e.g., sensible heat flux, ground heat flux, etc.) are not calculated during the simulation. The first site is a small watershed called Tulpehocken Creek with a drainage area of 172 km 2 , and the second site is a 1/8th by 1/8th degree grid that is located in a large watershed, called West Conewago Creek, with a drainage area of 1321 km 2 . These two sites are selected mainly because of available measurements of daily groundwater tables over multiple years and the corresponding surface meteorological data, needed by VIC, from the National Climate Data Center (NCDC). Basic meteorological data required by VIC include daily precipitation, wind speed, and maximum and minimum temperature. Table 1 lists the information of each of the observation stations. The vegetation, soil, and VIC parameters needed by VIC are taken from the corresponding parameter sets of a 1/8th by 1/8th degree resolution compiled by the University of Washington [Maurer et al., 2002] . The VIC b i parameter and the Clapp-Hornberger B exponent are adjusted slightly from their default values provided by the University of Washington. Site 1 is covered by five different vegetation types with cropland, wooded grassland, and deciduous broadleaf forest occupied 55%, 25%, and 10%, respectively. At site 2, vegetation is dominated by cropland, wooded grassland, and woodland with a coverage of 55%, 26%, and 15%, respectively. The VIC-ground model is run in the water balance mode at a daily time step over the periods of 1 October 1991 to 30 September 1998 and 1 January 1990 Table 2 , which shows that both sites are relatively wet, having annual mean precipitation higher than 1000 mm.
[18] In this study, the configuration of the three soil layers of VIC-3L is 0.1, 0.4, and 4.5 meters for the thin top (i.e., layer 1), upper (i.e., layer 2), and lower (i.e., layer 3) soil layers, respectively. Soil moisture is initialized through iterations in VIC-ground so that the corresponding soil moisture profile is consistent with the specified initial groundwater level. In the study, the initial groundwater level is set to be the same as the observation. The initial soil moisture of each of the three layers in the VIC-3L configuration is obtained by averaging the initial soil moisture of the soil sub-layers in VIC-ground that correspond to each of the three soil layers of VIC-3L.
Results and Discussions
[19] The goal of introducing the groundwater dynamics into VIC is not only for being able to simulate the dynamic movement of the groundwater table within a land surface model, but also for being able to evaluate the impact of surface and groundwater interactions on surface fluxes. While we test the new version of VIC (i.e., VIC-ground) by comparing its simulated groundwater table with the observations, the version of VIC-3L (i.e., without the surface and groundwater interactions) is also applied to the two sites described in section 3. Simulations on streamflow, evapotranspiration, and soil moisture from VICground and VIC-3L, respectively, will be compared with each other to investigate the impacts on model behaviors with and without including the surface and groundwater interactions. In addition, two types of sensitivity studies are conducted at both sites. The first is to investigate the sensitivity of VIC-ground on the choices of initial groundwater level that is specified at an arbitrary value rather than at an observed value. The second is to investigate the effects of precipitation on groundwater and surface water interactions by increasing (decreasing) the amount of current precipitation by two times (by half ). All of the results are analyzed and discussed in this section.
Validation of Groundwater Table
[20] Figure 4a shows the daily precipitation time series from 1 October 1991 to 30 September 1998 at site 1. Figure 4b shows Figure 4b ). Although the model misses the sharp rise observed on 20 January 1996, the mis-simulation of the model is mainly caused by the mis-representation of the precipitation input data, which does not have any precipitation during that period except for a very small one with 5.33 mm/d in magnitude on 19 January 1996 (see Figure 4b) .
[21] Figure 5b shows the comparison between the VICground simulated daily groundwater ). The locations of the groundwater monitoring well and streamflow station are indicated on the map with a triangle and a sexangular, respectively. The meteorological station is nearby, with its location indicated in Table 1 . See color version of this figure in the HTML.
GCP the groundwater table is deeper in general at site 2 and has less variation over the studied period of six years. The sharp rise of the groundwater table at site 1 is also not observed at site 2. From Figures 4b and 5b , it can be seen that VIC-ground can simulate the general patterns and variations of daily observed groundwater table reasonably well, although such comparisons are based on an assumption that the observed groundwater tables are not significantly altered by quick recharges from areas outside our study sites 1 and 2, respectively.
Impact of Surface and Groundwater Interactions on Surface Fluxes
[22] Figures 6 and 7 show comparisons of soil moisture between VIC-ground and VIC-3L (i.e., without consideration of the surface and groundwater interactions) over three typical VIC soil layers. The soil moisture of each of the three soil layers (i.e., each of the three soil layers corresponding to the VIC-3L configuration) represented by VIC-ground in Figures 6 and 7 is calculated on the basis of the soil moisture of multiple sub-layers from VIC-ground contained in each of the VIC-3L soil layer configuration. To distinguish between VIC-ground with multiple sub-layers and VIC-ground with three soil layers, we use VIC-ground (multilayers) to represent the former and VIC-ground (three layers) to represent the latter. It is worth mentioning that VIC-ground (multilayers) and VIC-ground (three layers) are the same except that the soil moisture in the latter is aggregated to the three soil layers on the basis of the corresponding multiple sub-layers. Figures 6a and 7a show the differences of volumetric water content in the top 10 cm thin soil layer at each site. The comparisons of the volu- Figures 6c and 7c , respectively. The soil moisture comparisons suggest that at both sites, VICground (three layers) tends to simulate drier soil moisture content in layers 1 and 2 than VIC-3L, and tends to simulate wetter soil moisture content in layer 3 than VIC-3L in general at the two study sites. That is water infiltrates and percolates faster in VIC-ground (multilayers) than in VIC-3L. This result is consistent with the findings from Lee and Abriola [1999] .
[23] Daily statistics of the evapotranspiration for VICground (three layers) and VIC-3L at sites 1 and 2 are listed in Table 2 . The comparison of daily time series of evapotranspiration between VIC-ground (three layers) and VIC-3L due to the soil moisture differences (see Figures 6 -7) is shown in Figures 8 and 9 for sites 1 and 2, respectively. The seasonal cycle of the evapotranspiration is clearly illustrated in Figures 8a and 9a . In the wintertime, the evapotranspiration is small (because of low temperature and photosynthesis); thus the differences in evapotranspiration due to the differences in soil moisture between VIC-ground (three layers) and VIC-3L are hard to be detected. During the summertime, temperature is high and plants are active with photosynthesis, thus the evapotranspiration is strong. More significant effects on evapotranspiration may be resulted with the considerations of surface and groundwater dynamic interactions if the calculation of evapotranspiration is based on the soil moisture profile of VIC-ground (multilayers) rather than on VIC-ground (three layers). This is especially important in the consumption of water through crop transpiration in agriculture. Further study in this area will be pursued in the future.
[24] In this study, the models (i.e., VIC-ground and VIC-3L) are run without coupling with a routing scheme. Therefore comparisons between model simulated and observed streamflow become difficult, especially at site 2, which is included in a watershed with a drainage area over 1000 km 2 . Thus we only compare the daily simulated streamflow of VIC-ground (three layers) to that of VIC-3L at site 2. At site 1 which has a drainage area of 172 km 2 , daily runoff simulations from VIC-ground (three layers) (solid line), VIC-3L (dashed line), and the streamflow observations (dotted line) are compared over the period of 7 March 1996 to 26 May 1996 (see Figure 10b) . The corresponding precipitation time series is shown in Figure 10a . From Figure 10b , we can see that the VIC-ground (three layers) simulated runoff compares well with the observations at the peaks, while the VIC-3L simulations overestimate the stream peaks, especially the peak around 15 April 1996. However, both VIC-ground (three layers) and VIC-3L simulated runoff cannot capture the observed recession well. The higher peaks from VIC-3L may be caused by the difference of soil moisture between VICground (three layers) and VIC-3L. As discussed earlier, the lower estimation of soil moisture in layers 1 and 2 from VIC-ground (three layers) makes it possible that during a rainfall event, infiltration is facilitated so that the runoff peaks are significantly reduced compared to those of VIC-3L. On the other hand, the calculation of base flow (i.e., ARNO parameterization) is directly proportional to the soil moisture content in layer 3, which is generally greater in the VIC-ground (three layers) simulations than that in the VIC-3L simulations. Compared to the observations, the increase in base flow and decrease in peak flow associated with the VIC-ground (three layers) simulations seem to be more appropriate than those with VIC-3L. From Figure 10b , it can be seen clearly that the observed streamflow recessions cannot be well captured by both VIC-ground (three layers) and VIC-3L. This is probably due to the combination of the weakness in VIC on its subsurface flow parameterization (i.e., ARNO model) and the way the subsurface flow is implemented with the dynamics of the surface and groundwater interactions. Further research in these areas needs to be conducted. At site 2, comparison is conducted only between VIC-ground (three layers) and VIC-3L from 15 March to 4 May 1998. Similar behaviors and patterns between VIC-ground (three layers) and VIC-3L are obtained (see Figure 11 ). Daily statistics of the total runoff for VIC-ground (three layers) and VIC-3L at sites 1 and 2 are listed in Table 2 .
[25] Table 3 lists the ratios of absolute differences between VIC-ground (three layers) and VIC-3L to their corresponding mean values from VIC-ground (three layers) for the total runoff, evapotranspiration, and the thin top (layer 1), upper (layer 2), and lower (layer 3) layers at sites 1 and 2. From Table 3 , it is seen that the relative absolute differences are 34% (site 1) and 20% (site 2) for the total runoff, 5% (site 1) and 3% (site 2) for the evapotranspiration, 37% (site 1) and 38% (site 2) for the soil moisture in the thin top layer, 13% (sites 1 and 2) for the soil moisture in the upper layer, and 4% (site 1) and 7% (site 2) for the soil moisture in the lower layer. One possible reason for having such a small difference in evapotranspiration between VIC-ground (three layers) and VIC-3L is that a large fraction of the roots at sites 1 and 2 is within layer 3, layer 2 has moderate fraction of the roots, and layer 1 has only about 10% of the roots (i.e., within the first 10 cm soil layer). Thus the combined effects of the distributions of the roots and the soil moisture (i.e., VIC-ground (three layers) generally simulates lower soil moisture in layers 1 and 2 and higher soil moisture in layer 3 than VIC-3L (see Figures 6  and 7) ) result in a small net change of evapotranspiration by about 5% or less as shown in Table 3 . Another reason could be that both sites are relatively wet (with mean annual precipitation of 1161 mm and 1212 mm, respectively, at sites 1 and 2) with the mean ratios of evapotranspiration to Figure 6 . Comparison of the volumetric soil moisture content between VIC-ground (three layers) and VIC-3L (i.e., without consideration of the surface and groundwater interactions) in the three typical soil layers of VIC over the period of 1 July 1995 to 30 September 1998 at site 1: (a) Difference of the soil moisture between VIC-ground (three layers) and VIC-3L in the top thin layer (i.e., layer 1); (b) Comparison of the soil moisture between VIC-ground (three layers) (solid line) and VIC-3L (dotted line) in the upper layer (i.e., layer 2); (c) Comparison of soil moisture between VIC-ground (three layers) (solid line) and VIC-3L (dotted line) in the lower layer (i.e., layer 3). It is worth mentioning that for clearer illustration, the soil moisture over the period of 1 October 1991 to 30 June 1995 is not shown. However, the soil moisture has the same patterns as shown here, and is included in the statistics listed in Table 3 . See color version of this figure in the HTML. precipitation are 0.51 and 0.50 for sites 1 and 2, respectively. Therefore the change of soil moisture may not result in significant relative effects on the evapotranspiration. In contrast, the change of soil moisture at a smaller percentage results in more significant effects (about 20%) on the evapotranspiration when investigated at a drier site [Liang and Xie, 2003] where the mean annual precipitation is 843 mm, and the mean ratio of evapotranspiration to precipitation is 0.76. However, more investigation and detail study are needed to thoroughly explain the effects of the change of soil moisture on evapotranspiration under such conditions. It is worth mentioning that the differences for the total runoff between VIC-ground (three layers) and VIC-3L are much larger at sites 1 and 2 than that at the drier site [Liang and Xie, 2003] where 4% difference was presented.
Sensitivity Analyses
[26] When simulating daily groundwater table time series with VIC-ground at sites 1 and 2, we used the observed groundwater tables as the initial conditions at each site (see Figures 4b and 5b) . However, it is important to investigate the effects of the initial groundwater level on VIC-ground simulations, since such information is often not available when conducting land surface modeling coupled with a regional climate model. Sensitivity of the simulated groundwater table to the initial conditions with VIC-ground is shown in Figure 12 for sites 1 and 2, respectively. The solid line in the upper panel of Figure 12 shows the simulated daily groundwater table initialized with the observed groundwater level (i.e., 335 cm below the land surface) and is called ''control'' in the figure. In the same figure, an arbitrary deeper groundwater table initializing at 450 cm below the surface (i.e., dashed line, indicated by 'deeper'), and an arbitrary shallower groundwater table at 250 cm below the surface (i.e., dotted line, indicated by 'shallower') are prescribed in VIC-ground, respectively. For site 2 (i.e., the lower panel in Figure 12 ), the initial groundwater tables are prescribed at 351 cm, 450 cm, and 250 cm below the surface for the VIC-ground (multilayers) simulations that correspond to the observed level (i.e., 'control'), deeper groundwater table, and shallower groundwater table, respectively. From Figure 12 , it can be seen that the simulated daily groundwater tables that have different initial conditions converge to the control simulation after a warm-up period of about 3.5 years at both sites 1 and 2. Particularly, for the wetter initial groundwater table conditions at both sites, the time period required for convergence is about half Figure 11 . The same as Figure 10 , except for the period of 15 March 1998 to 4 May 1998 at site 2. See color version of this figure in the HTML. of the time for the drier initial conditions (see Figure 12 ). This convergence pattern and the range of warm-up time period are also observed when applied to the site used in the study of Liang and Xie [2003] (figure not shown). The feature of converging faster under wetter initial conditions than drier initial conditions for VIC-ground is consistent with that reported by Gao et al. [1996] , who investigated the sensitivity of initial soil moisture conditions of the Biosphere-Atmosphere Transfer Scheme (BATS) model. For applications where observed groundwater tables are not known, we suggest to initialize the groundwater level of VIC-ground under a wetter condition or a steady state equilibrium condition.
[27] The sensitivities of VIC-ground on surface fluxes and soil moisture are also investigated with respect to different precipitation scenarios. The groundwater tables under three different precipitation scenarios at sites 1 and 2 are shown in the upper and lower panels of Figure 13 , respectively. The three different precipitation scenarios considered are having the precipitation doubled (2 ppt), halved (0.5 ppt), and at the current precipitation condition, respectively. Figure 13 shows the comparisons of the groundwater table simulations for the scenarios of 2 ppt (dashed line), 0.5 ppt (dotted line), and the current precipitation condition (solid line) (i.e., control run) for sites 1 and 2, while other conditions and model parameters are kept the same. The initial positions of the groundwater tables are taken to be the same as the observed values at both sites for all of the three different conditions (see Figure 13 ). With the scenario of double precipitation, the variance of the groundwater table increases at both sites because of more frequent and higher rates of recharge. In other words, the groundwater table presents a behavior with more high frequency components. This effect is more significant for site 1 than for site 2. This is because the groundwater table at site 1 is shallower which enhances its interactions with the precipitation, and thus is influenced more by the pattern and magnitude of the precipitation. Also, when precipitation is doubled, enhanced recharge raises the groundwater table closer to the surface compared to the control condition as expected. For the scenario where precipitation is reduced by half, the groundwater tables vary more smoothly compared to the control conditions at both sites, indicating a behavior with less high frequency components and less recharge rates as expected. Compared to the scenario where precipitation is doubled, the differences of the groundwater tables between the 0.5 ppt scenario and the control run are much greater at both sites (see Figure 13) , indicating a more significant persistent signature in the 0.5 ppt scenario than in the 2 ppt scenario. This is consistent with the findings of the asymmetric response of water level to the floods of 1993 and the droughts of 1988 in Illinois [Eltahir and Yeh, 1999] . The different sensitivities of VIC-ground to the 2 ppt and 0.5 ppt scenarios are perhaps partially due to the nonlinear behavior of subsurface/base flow runoff, and partially due to the evapotranspiration process.
[28] Table 4 lists the ratios of absolute differences between the sensitivity runs (i.e., 2 ppt and 0.5 ppt) and the control runs (i.e., current precipitation conditions) to their corresponding mean values from the control runs for the total runoff, evapotranspiration, and soil moisture in layers 1, 2, and 3 at sites 1 and 2. Table 4 shows that the change of the total runoff for the 2 ppt scenario (215% and 193% for sites 1 and 2, respectively) is higher than that for the 0.5 ppt scenario (69% and 58% for sites 1 and 2, respectively). The larger relative change in total runoff for the 2 ppt scenario than that for the 0.5 ppt scenario is expected since when the soil moisture is raised to certain level by doubling the precipitation, any more extra precipitation will simply contribute to the total runoff. The behaviors of the evapotranspiration and soil moisture in the three different layers for the 2 ppt and 0.5 ppt scenarios show that there are larger relative changes associated with the 0.5 ppt scenarios than those associated with the 2 ppt scenarios at both sites as expected. This is because under the control scenario at both sites, their climate conditions are relatively wet (i.e., between 1100 mm and 1220 mm annually). Therefore, when the precipitation is halved, the effects on soil moisture should be larger than those for the 2 ppt scenario at both sites in general. The larger effects on soil moisture thus lead to larger effects on the evapotranspiration in the 0.5 ppt scenario case. This is because under a dry condition in which the vegetation is subject to water stress, the change of evapotranspiration is then controlled by a combination of significant reduction of the root uptake and atmospheric condition at the land surface, while under a wet condition in which the vegetation is suffering much less water stress, the change of evapotranspiration is mainly controlled by the atmospheric condition at the surface. The results of having greater sensitivities under the drier scenario (i.e., 0.5 ppt) than those under the wetter scenario (i.e., 2 ppt) again show the consistency of the nonlinear behaviors of the hydrological processes as shown in Figure 13 . The preliminary results reported here also show that one may expect more significant interactions between the land surface and atmosphere under a transition from normal to dry condition (i.e., from the control run to 0.5 ppt run) than that from the normal to wet condition (i.e., from the control run to the 2 ppt run). It should be mentioned that in conducting the sensitivity study of the 2 ppt, 0.5ppt, and control runs, except for the precipitation, the rest of the forcing information used by VIC (i.e., wind, maximum and minimum daily air temperature), soil properties, and model parameters are kept the same. Therefore the results showed here have their limitations.
Conclusions and Future Work
[29] In this paper, a new framework and methodology for representing dynamic interactions between the surface and groundwater in land surface modeling are presented. The new parameterization is coupled with the current version of VIC-3L model and is called VIC-ground in this study. Daily groundwater tables simulated by VIC-ground are compared with observed daily groundwater tables at two sites in Pennsylvania with encouraging results. The effects of the surface and groundwater interactions on soil moisture, runoff, and evapotranspiration are investigated at the two sites by applying VIC-ground and VIC-3L in which the effects of surface and groundwater interactions are not taken into account. Preliminary results show that the impact is significant. In addition, two types of sensitivity analyses are conducted and discussed. Preliminary conclusions from this study are summarized below:
[30] 1. Both the patterns and magnitudes of the observed daily groundwater tables are simulated quite well by VICground over periods of multiple years at both sites (i.e., as long as six years). The sensitivity analyses of VIC-ground on different initial groundwater table positions show that the simulations of VIC-ground are stabilized (or converge) after about 3.5 years at both sites. Also, the convergence is faster (i.e., about 1.5 years) for the conditions when the groundwater tables are initialized shallower (i.e., closer to the surface) at both sites. Therefore, for situations where the observations of the initial groundwater levels are not available, it is better to initialize the groundwater table in VICground with a wetter condition.
[31] 2. VIC-ground results in higher recharge of the groundwater body than VIC-3L. Therefore the soil moisture of VIC-ground is wetter, in general, than that of VIC-3L in the lower layer. For the top thin soil layer and the upper layer of VIC-3L, the soil moisture is generally drier in VICground than in VIC-3L at the two study sites. Such characteristics of VIC-ground results in lower surface runoff peaks and higher base flow, and less evapotranspiration in general compared to VIC-3L at both study sites. Under more moist climate conditions, the influence of surface and groundwater interactions (i.e., VIC-ground versus VIC-3L) is more significant on the total runoff than on evapotranspiration; while under drier conditions, it is vice versa.
[32] 3. Sensitivity analyses under wet (i.e., 2 ppt) and dry (i.e., 0.5 ppt) scenarios show that the responses of the groundwater table are quite different. For the wetter scenario, the groundwater table presents a behavior with more high frequency components, while for the drier scenario, the groundwater table varies more smoothly with much less high frequency components involved. The change of the groundwater table from the control run (i.e., current condition) is much greater for the drier scenario (i.e., 0.5 ppt scenario) than for the wetter scenario, indicating a more significant persistent signature in the drier scenario than that in the wet scenario. The different sensitivities of VICground to the 2 ppt and 0.5 ppt scenarios are perhaps partially due to the nonlinear behavior of subsurface/base flow runoff, and partially due to the evapotranspiration process. Also, the preliminary sensitivity results show that there may exist more significant interactions between the land surface and atmosphere under a transition from normal to dry condition (i.e., from the control run to 0.5 ppt run) than that from the normal to wet condition (i.e., from the control run to the 2 ppt run).
[33] The preliminary results presented in this paper suggest that the impact of considering surface and groundwater dynamic interactions on surface fluxes and soil moisture in land surface modeling is significant, and that attention is needed. The work presented here constitutes our first attempt to understand the influence and importance of the surface and groundwater interactions in hydrologic and climatic studies. The conclusions summarized here are based on the two study sites. More studies are needed to generalize these findings. Also, further investigations of the impacts of the surface and groundwater interactions on soil moisture, and surface water and energy fluxes over larger areas under both wet and dry climate conditions are necessary, although they are outside the scope of this paper. In addition, some improvements in VIC-ground are needed in order to have better reflection of the impact of the surface and groundwater interactions in which the detailed soil moisture profile information is used explicitly. In particular, improvements on VIC-ground in the following aspects are either under investigation or to be investigated, and will be reported in their due course: (1) Calculation of the subsurface flow component. At present, the subsurface component is calculated by ARNO model on the basis of the lumped soil moisture in layer 3 (i.e., the lower layer) of VIC. We will explicitly represent the subsurface flow contributed by the saturated zone and unsaturated zone, respectively, in the near future. The lateral interactions of groundwater flow between model grid cells and with river flows are also important and are under investigation at present through the development of network routing; (2) Calculation of the transpiration based on more detailed information of root zone distribution and soil moisture profile to reflect more explicitly the influence of the surface and groundwater interactions; (3) Incorporation of the frozen soil module, which is not included in this study yet; and (4) Reduction of the number of sub-layers used in VIC-ground to make the computation less expensive. Although this may not be a big concern with today's rapid advancement in computer and computational technology, the computational expense could limit the applications of incorporating the important interactions between surface and groundwater into the land surface and atmosphere interaction studies. Therefore it is important to reduce the computational cost to facilitate its broad applications. A coordinate translation to convert the moving boundary problem to a fixed boundary problem is under testing [Xie et al., 2002] and will be reported separately, in which the requirement of using a large number of vertical sub-layers could be significantly relaxed. 1; i ¼ j:
The matrix formulation of the semi-discrete finite element approximation of the problem expressed by (12) or (A1) can be written as
where 
